Introduction
According to the 2015 United Nations Climate Change Conference (COP21) Paris agreement on climate change, global emissions must be reduced by 60% prior to 2050. 1 The energy consumption is, however, predicted to double in the next 40 years due to an increasing world population. 2 For this reason, it is prudent to explore other sustainable energy sources, in addition to electricity generated by either wind power or solar cells. The latter, driven from sunlight, has always been considered to be an abundant renewable energy source; in fact, the International Energy Association (IEA) has predicted that solar energy could provide over 25% of the global energy needs around the deadline of the Paris agreement. 3 In recent decades, solar energy has been widely investigated, with a more than 900% increase in installed capacity, demonstrating a rapid expansion of its use. 1 Nevertheless, one of the greatest challenges for mass implementation of solar energy technology is the intermittence of supply and load levelling. 2, 4 Effective storage of solar energy, therefore, is fundamentally important for future development of this energy source.
One promising solution is the molecular solar thermal energy storage (MOST) system, where a photoswitchable parent molecule that absorbs sunlight undergoes a chemical isomerization to a metastable high energy species. This concept has been proven viable by incoporating the photoswitch into solid materials or into liquid based systems. 5, 6 In the case of solution based MOST, a catalyst can be used to release this stored energy ''on demand'' in the form of heat, and as a result regenerating the parent molecule. 6 In contrast to more traditional solar thermal concepts, the MOST system operates in an entirely different manifold, by converting photons to stored chemical energy at room temperature, meaning that e.g. no insulation materials are needed for practical devices. However, many factors have to be considered for the optimal design of a photoswitchable molecule for MOST applications. Ideally, a strong absorption in the UV-visible region of the solar spectrum by the parent molecule with no absorption by the corresponding high energy isomer is preferred. Other prerequisites include a high photoisomerization quantum yield, exceptional robustness and also a low molecular weight, so as to maximize the energy density. 7, 8 For solutions, it's preferable that the solvent features a low heat capacity, yet can accommodate a large amount of photoswitching. Several photochromic motifs have been identified as potential candidates, such as the dihydroazulene/vinylheptafulvene couple, 9 anthracene dimerization, 10 azobenzene, 5, 11, 12 azaborinine derivative Dewar isomers, 13 difulvalenediruthenium complexes, 14 and norbornadiene-quadricyclane. 15 The latter system has gained increased attention partly due to its high energy density, but relatively little effort has been dedicated to releasing the stored energy, which is the focus of this work.
A representation of the MOST concept and a possible domestic implementation can be seen in Fig. 1a . Sunlight is collected and stored via photochemical reaction under flow conditions. When energy is required, a solution of the metastable molecule can be passed through a catalytic bed reactor to release the energy in the form of heat, which could be used for, in this instance, heating water or creating steam. In order for MOST to be viable, the energy has to be storable for a long period of time, thus requiring a high energy barrier (DH ‡ therm ) for the thermal conversion from the high energy isomer to the parent molecule (see Fig. 1b ). Yet, at the same time, the heat release upon demand must be rapid and efficient. For the norbornadiene (NBD)-quadricyclane (QC) couple, it has been shown that a rapid conversion of unsubstituted QC to NBD can be effected electrochemically 16 as well as through the use of a catalyst. 17 Both approaches give rise to a release of the energy by lowering the activation barrier (DH ‡ cat ) from the photoisomer to the parent molecule. In addition, to be suitable for use in a closed cycle operational device capable of undergoing successive cycles, heterogeneous catalysis should be employed. 17 Previous research has identified many catalysts, including various transition metal salts and complexes. [18] [19] [20] However, the main challenge remains to incorporate an effective catalyst into a working device based on a sunlight absorbing MOST system. 21 In 1988, Miki et al. used a fixed bed catalyst to release heat (DT = 58.5 1C) from a solution of unsubstituted QC.
Unfortunately, the corresponding NBD has no absorptivity over 300 nm and sunlight cannot be used to drive the forward reaction necessary for solar energy storage. 17 Later, it was shown that a solution of a substituted QC, derived from an NBD having an absorption overlap with the solar spectrum (l onset E 380 nm), although with a small molar absorptivity (A max@350 nm E 400 M À1 cm À1 ), yielded a temperature rise of 50.5 1C. However, in this instance, the reaction set up was very large, consisting of a 4 cm inner diameter, 58 cm long cylindrical reactor with a large loading of a cobalt porphyrin derivative attached to an alumina surface (in total B0.7 g of the catalyst), seemingly impractical for real applications. 20 Here, we present a novel MOST study involving the implementation of a highly suitable NBD derivative (NBD1, QC1), which combines a large spectral difference between the parent molecule and the corresponding photoisomer with a high energy storage density (0.4 MJ kg À1 ). In addition, the metastable photoisomer exhibits a good ambient stability in toluene (t 1/2 = 30 days at 25 1C), and this has allowed us to examine the heat release properties under catalytic conditions to provide rapid heat generation.
Further, it was found that cobalt phthalocyanine (CoPc) effectively catalyses the back reaction of QC1 to NBD1. The requirement for this complex to be suitable for a working device dictates that 
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it should be immobilised on a solid support. This was realized using a miniaturized fixed bed catalytic reactor (0.1 cm diameter, 1 cm long cylindrical tubing, in total E 0.5 mg of the catalyst) containing CoPc physisorbed on an activated carbon support (CoPc@C). Using this catalyst in conjunction with the new QC derivative leads to a record macroscopic heat release of up to 63.4 1C. In addition to these experimental findings, a detailed mechanism of the catalytic cycle was proposed using DFT calculations rationalizing the experimental observations thus giving insight that can be used in the development of future high performance catalysts.
Results and discussion
Characterization of the NBD1-QC1 couple NBD1 contains two substituents (see Fig. 2a ), an electron donor and an electron acceptor across one of the olefins, giving a so called ''push-pull'' system. 6 This leads to a red shift of the absorption and a better match with the solar spectrum. Two approaches were employed in the synthesis of NBD1, both of which gave the target material in good yield. One method utilized a palladium catalyzed Suzuki protocol to afford NBD1. Alternately, NBD1 could be generated both economically and on a large scale from commercially available 4-methoxyacetophenone, the key step being a Diels-Alder reaction of 3-(4-methoxyphenyl)propiolonitrile with cyclopentadiene (Supplementary S2, ESI †).
Firstly, to assess the suitability of the NBD1-QC1 couple for MOST applications, the solar spectrum match, isomerization efficiency, cycling robustness, and potential energy density were evaluated. Fig. 2b shows the contrast between absorbance profiles for toluene solutions of NBD1 and QC1. NBD1 displayed a broad absorption feature with a high maximum absorptivity. (l max@326 = 1.3 Â 10 4 M À1 cm À1 , Supplementary S3, ESI †). The onset of this absorbance extends to 380 nm, thus leading to a calculated 4.0% absorption of all incoming photons from the solar spectrum (Supplementary S4, ESI †). Meanwhile, this feature was greatly diminished for QC1, showing a large change in absorptivity and a spectral window of 34 nm for the exclusive absorption of sunlight by NBD1. The photoisomerization quantum yield for the formation of metastable QC1 was determined to be 61%, indicating that the majority of all absorbed photons resulted in a successful photoisomerization event (Supplementary S5, ESI †). Having confirmed that the photophysical properties for NBD1 fulfilled the criteria needed for MOST, a lab-to-site transfer demonstration was necessary to prove its practical use. Much to our delight, a quantitative conversion for NBD1 to corresponding QC1 was achievable in an outdoor testing facility. This consisted of a E 900 cm 2 reflector directing sunlight onto a glass receiver tubing containing NBD1, demonstrating that the photoisomerization reaction can also work under real sunlight by using continuous flow in a toluene solution, thus providing a basic proof-of-principle and illustrating that future implementation is entirely feasible. A more detailed discussion can be found in ESI † (Supplementary S6).
Differential scanning calorimetry (DSC) was used to measure DH storage for metastable QC1 (Supplementary S7, ESI †). Neat QC1 was prepared through the irradiation of a chloroform-d solution of NBD1, and gave an experimental storage energy DH storage = 88.5 kJ mol À1 (Fig. 2C ). By comparison, MP2 calculations were carried out with a theoretical DH storage of 101.1 kJ mol À1 (Supplementary S8, ESI †), thus confirming an energy density of 0.4 MJ kg À1 . Using the specific heat capacity found for QC, 22 1.66 J g À1 K À1 , the energy storage density can be translated to a possible adiabatic temperature increase of 239 1C, taking into account the melting temperature of NBD1 between 49.2 and 51.8 1C.
In order to store the converted energy for long periods of time, the half-life of the photoisomer should be as long as possible and it is important to know this value at room temperature. The thermal conversion from QC1 to NBD1 was measured at different temperatures, and an Eyring analysis was performed revealing that DH ‡ therm and DS ‡ therm equalled 104 kJ mol À1 and À22 J K À1 mol À1 , respectively. By extrapolation to room temperature (25 1C), the back-conversion half-life for QC1 was calculated to be 30 days in toluene, thus exhibiting an excellent stability under ambient conditions. The life time of this metastable isomer shows that this light absorber has the potential for use in solving the intermittency of solar energy production between night and day, as well as over weekly or even monthly cycles (Supplementary S9, ESI †).
In the blueprint for the possible domestic use of MOST, such as the one described in Fig. 1a , NBD1 needs to be converted to Energy & Environmental Science Paper QC1 back and forth many times. The photostability is therefore an important property in evaluating molecules for the MOST concept. 6 An ideal light harvester should therefore operate for an infinite number of cycles without showing any signs of degradation. Thermogravimetric analysis (TGA) showed that the thermal decay temperature tolerance of NBD1 was 150 1C (Supplementary S10, ESI †). Due to this reason, the stability test of the NBD1/QC1 couple was conducted in an accelerated cyclability experiment at 85 1C. After 43 complete cycles of photoisomerization and thermal backconversion using a solution of NBD1, it was found that the degradation was only 0.14% per cycle ( Fig. 2d and Supplementary S11, ESI †) affirming the robustness of this system. In summary, it was found that the properties of NBD1 were more suitable for MOST compared to other NBD derivatives intensively studied in the group. Arylalkyne NBDs exhibit an absorbance profile that better matches the solar spectrum, however, this is accompanied by a low quantum yield (28-47%) and a half-life of hours (5.1-22.0 h) for the corresponding QC in toluene. 7, 8 In contrast, diaryl substituted NBDs, on account of the additional aromatic ring, have a lower maximum absorptivity (maximum 10 100 M À1 cm À1 ), a blue shifted spectrum and a small spectral difference between the NBD and the QC form upon comparison with NBD1. 23 In fact, the cyclability was studied for an acetylenic bridged NBD and was found to only undergo 0.2% degradation per cycle, while we are happy to report that NBD1 was more robust when subjected to multiple cycles with less degradation per cycle.
Screening of catalysts
An efficient catalytic conversion from QC1 to NBD1 in which all the accumulated energy is rapidly released is essential for a MOST system. 6 Furthermore, the catalyst should be heterogeneous (i.e. a part of a solid), so as to facilitate device design and to avoid a purification step after each energy storage cycle. Different transition metal catalysts have previously been found to convert substituted QC to NBD. 21 Here, 14 different salts and complexes (selected from Cu, Co and Pd inorganic salts, as well as CoPc, and cobalt porphyrin variants) were screened for their catalytic activity by evaluating the outcome using 1 H NMR, upon their introduction. UV-vis analysis was used to qualitatively probe the rate of the back reaction in the instances where catalytic activity was observed. Cobalt phthalocyanine (CoPc), although with low solubility in toluene (7.2 Â 10 À5 M), 24 was found as the most attractive candidate due to both a clean conversion and high conversion rate (measured reaction rate E172 s À1 M À1 , Supplementary S12, ESI †). The task remained to immobilise CoPc in a form that prevents toluene from leaching it from a solid support.
In order to generate a high reaction surface area in the form of a heterogeneous catalyst, CoPc was physisorbed onto activated carbon. X-ray photoelectron spectrometry showed that a loading of 13% of CoPc was obtained after this preparation and the reaction rate in toluene was measured to be some 69 times higher than the one for the untreated CoPc in solution (E1.2 Â 10 4 s À1 M À1 ). This was rationalised by the fact that pure CoPc can undergo strong intermolecular p-stacking in solution, however the dispersion of CoPc onto charcoal instead gives a larger contact surface area. The CoPc@C catalyst was then used directly in the flow experiments (Supplementary S13, ESI †).
Heat release
To practically demonstrate the compatibility of QC1 in conjunction with CoPc@C, a heat release device was constructed (see Fig. 3 and Supplementary S14, ESI †). PTFE tubing containing approximately 5 mg of CoPc@C was placed in the centre of a high vacuum chamber (up to 10 À5 mbar) providing thermal insulation. Thermocouples were placed before (T 1 ) and after (T 2 ) the catalytic bed, which were used to measure the temperature rise resulting from the back conversion of QC1 (DT = T 2 À T 1 ). Using this setup, it was possible to pass a solution of QC1 through the CoPc@C site under flow conditions. The adiabatic heat release from a solution of QC1 can be calculated from (1): 14
where c and M w represent the concentration of NBD1 and molecular weight, respectively; DH storage is the DSC measured energy storage capacity of the NBD1/QC1 couple in J g À1 ; C p_QC1 is the specific heat capacity of QC1 in J g À1 K À1 ; and r solvent and C p_solvent correspond to the volumetric mass density in g L À1 and the specific heat capacity in J g À1 K À1 of the solvent (867 g L À1 and 1.7 J g À1 K À1 ). Five different solutions of QC1 in toluene with concentrations varying from 0.1 to 1.5 M (corresponding to 22.3-334.9 g L À1 ) were prepared by photolysis using simulated sunlight. Each solution of QC1 was pumped though the catalytic bed with a constant flow rate of 5 mL h À1 . These experiments were repeated at each concentration (Supplementary S15, ESI †). As expected, a progressive increase in the heat release (DT) was observed as the concentration of QC1 was increased when the solution was passed through the bed reactor. This result was exemplified when a 1.5 M solution of QC1 resulted in a rapid maximal temperature increase of DT = 63.4 1C (83.2 1C measured temperature) achieved after only 2.5 minutes of reaction time, thus demonstrating that a high temperature increase can be reached over a short duration of time (Fig. 3b ). A measured temperature above 70 1C was sustained for B340 s after which the catalyst was depleted. Fig. 3c summarizes the findings for the heat release experiments; eqn (1) (black curve) was used to simulate the expected temperature gradients. The simulated temperature increases predicted by eqn (1) fit very well with the measured data, indicating that the heat losses in the device were negligible and that the energy storage from DSC in neat samples is very close to the energy storage in solutions.
To further evaluate the capabilities of CoPc@C, the turnover number (TON) and frequency (TOF) were calculated as the converted QC1 concentration in moles divided by the amount of catalyst loaded in moles per time unit. This result equated to a minimum TON in excess of 482 and a TOF of 2.0 s À1 . To the best of our knowledge, a 63.4 1C temperature gradient (registering 83.2 1C measured temperature) measured in the solution flowing through the device is the new record within the field, showing that e.g. steam production using MOST systems is potentially within reach.
Computational study
The use of several salts is known to allow the catalysed backreaction from QC to NBD and some hypothesized mechanisms have been reported. 21, 25 In addition, some computational information on the photochemistry of the parent NBD 26 and the substituent effect on the energy storage in NBD/QC systems 27,28 is available. In contrast, the mechanism for the energy release has not been systematically explored. A detailed mechanistic picture of the back-reaction could be helpful in the design of new and more efficient catalysts. Thus, as the energy release is affected by the mechanism of the back-reaction, 29 it was decided to approach the study of this process by computational means. In particular, the role of CoPc as a catalyst in the reaction from QC to NBD within the framework of density-functional theory (DFT) was explored. A set of different functionals, chemical structures and conditions were used to gather a comprehensive view of the reaction (Supplementary S16, ESI †). At our highest level of theory (PCM-M06/6-31+G*), the full QC1/NBD1 and CoPc structures were used considering the four possible orientations between QC1 and CoPc. Doing so, a good modelling of the experimental conditions could be ensured.
The computed mechanism implies that one of the labile C-C bonds in QC oxidatively added to the metal centre of CoPc. The different possible orientations cause the appearance of several alternative transition structures and energy minima. Due to the development of a positive charge and the different stabilizing effects of the substituents R1-R4, these four minima (2_i to 2_iv, see Fig. 4a ) have very different energies. Out of the four possible TSs, only two could be located (TS(1-2)_i and TS(1-2)_ii) with similar energies of 45.1 kJ mol À1 and 58.6 kJ mol À1 relative to the separated reagents, respectively. Due to the high energy difference (more than 54 kJ mol À1 with 2_i and 2_ii), 2_iii, 2_iv and the corresponding TSs can be further discarded as they will not be competitive reaction pathways.
From 2_i and 2_ii, a new barrier of similar energy (50.8 kJ mol À1 for TS(2-3)_i and 46.9 kJ mol À1 for TS(2-3)_ii) has to be surmounted to finally afford NBD1 and the recovery of the catalyst (see Fig. 4b ). This final product is clearly more stable than QC1 implying a favored energy release. From our computational data, the energy barriers (TS(1-2) and TS(2-3)) for both orientations i and ii seem to be involved in the control of the reaction outcome for the back-reaction. Due to the very similar maximum energy barriers (50.8 kJ mol À1 for TS(2-3)_i and 58.6 kJ mol À1 for TS(1-2)_ii), the two pathways could be acting at the same time, while the path i would be preferred. These relatively low energy barriers are caused by the substituents included in the NBD1/QC1 system, as the unsubstituted QC features an energy barrier of 95.7 kJ mol À1 for TS(1-2)QC, see Fig. 4a . These low energy barriers cause the efficient heat release as experimentally measured for NBD1 and they are due to charge stabilization in the oxidative addition adduct when cyano (ii) or p-methoxyphenyl (i) substituents are placed in R1. From the computed relative energy between 1 and 3, a heat release value of 61.7 1C could be obtained, in good agreement with the experimental data as well as the theoretical limit achieved from DSC data. Any subsequent improvement in the catalytic energy release would imply the design of new NBD/ catalyst pairs to further reduce this energy barrier. From the results shown here, a new generation of MOST systems could be envisioned in which the charge generated in the rate-determining Energy & Environmental Science Paper step of the back-reaction could be further stabilized to provide an improved heat release. For the design of these new systems, the whole system (QC, catalyst and solvent) should be considered as the substituents present in the QC, the metal and ligands of the catalyst and the solvent could have an impact on the energy barrier. Thus, the computational methodology presented herein will be useful in the search for new catalytic systems and the design of a new generation of MOST systems.
Conclusions
In this study, we successfully synthesized and comprehensively characterized a scalable new NBD/QC derivative in all aspects pertinent to the performance of a MOST system. The improved absorptivity of NBD1 (l max@326 nm = 1.3 Â 10 4 M À1 cm À1 ) coupled with factors such as a large spectral difference compared to the corresponding QC1, the high photoisomerization quantum yield (61%), the long half-life (t 1/2 = 30 days at 25 1C), and high solubility (c max = 1.52 M for QC1 in toluene), makes this compound a promising candidate for future MOST applications. In addition, the robustness of a solution of NBD1 was assessed at 85 1C and is capable of withstanding 43 storage and release cycles with little degradation (0.14% per cycle). The energy storage density was confirmed to be 0.4 MJ mol À1 by both DSC measurement and MP2 calculation. A E900 cm 2 solar collector was used to drive the NBD1 to QC1 reaction in an outdoor test facility, illustrating the possibility of a quantitative photoconversion and feasibility of lab-to-site scale up implementation. Moreover, by using the small reaction centre of the CoPc@C heterogeneous catalyst, the stored energy can be released quickly and efficiently. A macroscopic heat release of up to 63.4 1C using a 1.5 M solution of QC1 was measured, which surpasses all measured MOST systems to date. Our catalyst system in conjugation with QC1 sustained a reaction rate in toluene of 1.2 Â 10 4 s À1 M À1 and a minimum TON of 482. In addition, the experimental work was complemented with a specific and detailed computational study on the catalytic reaction mechanism, which implies a low energy barrier in agreement with the fast conversion observed experimentally. In summary, a comprehensive proof of concept demonstration, showing both conversion under solar light and heat release with a fixed bed catalyst, has been realized. Future molecular design should focus on red shifted NBD derivatives for a better spectral overlap with the solar spectrum, without compromising other essential MOST properties.
